Saccharomyces cerevisiae
Inositolphosphorylceramide (IPC) and its mannosylated derivatives are the only complex sphingolipids of yeast. Their synthesis can be reduced by aureobasidin A (AbA), which specifically inhibits the IPC synthase Aur1. AbA reportedly, by diminishing IPC levels, causes endoplasmic reticulum (ER) stress, an increase in cytosolic calcium, reactive oxygen production, and mitochondrial damage leading to apoptosis. We found that when Aur1 is gradually depleted by transcriptional downregulation, the accumulation of ceramides becomes a major hindrance to cell survival. Overexpression of the alkaline ceramidase YPC1 rescues cells under this condition. We established hydroxylated C 26 fatty acids as a reliable hallmark of ceramide hydrolysis. Such hydrolysis occurs only when YPC1 is overexpressed. In contrast, overexpression of YPC1 has no beneficial effect when Aur1 is acutely repressed by AbA. A high-throughput genetic screen revealed that vesicle-mediated transport between Golgi apparatus, endosomes, and vacuole becomes crucial for survival when Aur1 is repressed, irrespective of the mode of repression. In addition, vacuolar acidification becomes essential when cells are acutely stressed by AbA, and quinacrine uptake into vacuoles shows that AbA activates vacuolar acidification. The antioxidant N-acetylcysteine does not improve cell growth on AbA, indicating that reactive oxygen radicals induced by AbA play a minor role in its toxicity. AbA strongly induces the cell wall integrity pathway, but osmotic support does not improve the viability of wild-type cells on AbA. Altogether, the data support and refine current models of AbA-mediated cell death and add vacuolar protein transport and acidification as novel critical elements of stress resistance.
Y
east sphingolipids have been recognized to be essential for cell growth and survival ever since the initial demonstration by Bob Dickson and colleagues that LCB1 and LCB2, coding for two components of serine palmitoyltransferase, are essential genes (1) (Fig. 1) . In 1997 the same group also demonstrated that the essential AUR1 gene encodes the enzyme making inositolphosphorylceramides (IPCs), implying that IPCs are essential for cell growth (2) ; in contrast, the synthesis of mannosyl-IPCs (MIPCs) and inositol-phospho-MIPCs [M(IP) 2 Cs] was found to be dispensable (3) (4) (5) . The essentiality of IPCs, however, has been questioned, since cells lacking all ceramide synthases are highly resistant to the inhibitor aureobasidin A (AbA), a very specific and potent inhibitor of Aur1, which rapidly induces cell death in wild-type (WT) yeast cells (6) (7) (8) (9) . Nevertheless, several lines of evidence suggest that IPCs are essential for growth. This had been already suggested by early studies showing that the lethality of the lcb1⌬ mutation ( Fig. 1) , eliminating all sphingolipid biosynthesis, is suppressed in cells harboring the SLC1-1 gain-of-function mutation, which allows making phosphatidylinositol (PI) with the very-long-chain fatty acid (VLCFA) C 26:0 in the sn-2 position. Structurally, this abnormal PI closely resembles IPC and allows growth of sphingolipid-free and ceramide-free yeast strains (10) (11) (12) (13) . Furthermore, a recent report showed that AbA causes the endoplasmic reticulum (ER) retention of glycosylphosphatidylinositol (GPI)-anchored proteins, an unfolded protein response, reactive oxygen species (ROS) production, mitochondrial cytochrome c release, and a metacaspase-mediated form of apoptosis that additionally is dependent on the concomitant increase of cytosolic Ca 2ϩ concentrations, all through the reduction of IPCs rather than the accumulation of toxic ceramides, both of which are inevitable consequences of Aur1 depletion/inhibition (14) .
AbA has fungicidal activity against many pathogenic fungi, including Candida albicans, Cryptococcus neoformans, and some Aspergillus species. Given orally to mice, AbA was effective at curing candidiasis and well tolerated (15) . Moreover, AbA-mediated cell death represents a tractable model of sphingolipid-mediated apoptosis.
Here, in an attempt to further understand the mechanisms of AbA-induced apoptosis and to discriminate between effects linked to IPC depletion versus ceramide accumulation, we did chemical/genetic high-throughput screens testing the growth of deletion mutants under Aur1 repression, either when overexpressing YPC1 or when not. YPC1 is an ER ceramidase that has the potential to lower ceramide levels and concomitantly aggravate the reduction of complex sphingolipids. Overexpression of YPC1 has been reported to have various biological effects, e.g., in making cells resistant to exogenous long-chain bases (LCBs) (16) by working in the reverse direction (converting LCBs to ceramides) or to make cells hypersensitive to hydroxyurea (17) and to rescue hightemperature growth of ypk1 ts ypk2⌬ cells (18) by working as a ceramidase.
MATERIALS AND METHODS
Strains, growth conditions, and materials. The Saccharomyces cerevisiae strains used are listed in Table S1 in the supplemental material, plasmids in Table S2 in the supplemental material, and the origin of chemicals in the materials section in the supplemental material. Mutant strains and plasmids were generated using standard methods for crossing of single mutants, plasmid transfection, or gene disruption using deletion cassettes generated by PCR. Unless indicated otherwise, cells were grown on rich medium (yeast extract-peptone-dextrose [YPD] or YPGal) supplemented with uracil and adenine or on synthetic complete (SC) medium (yeast nitrogen base [YNB] ) (United States Biological) containing 2% glucose (D) or galactose (Gal) as a carbon source plus the amino acids and ingredients contained in the dropout mix. For serial dilution growth assays, agar plates were incubated for 3 days at 30°C unless indicated otherwise.
Construction of plasmids. To construct plasmid pYPC1-URA3, the coding sequence of YPC1 was amplified by PCR using oligonucleotides 5=-CCTGGGATCCATGGGAATATTTCGTTGGAAC-TATCC-3= and 5=-CGCCGCGGCCGCTTACTTCTCCTTTTTAACTTC-3= from genomic DNA of BY4742 cells. The PCR products were doubly digested with NotI and BamHI and ligated into the similarly digested centromeric pNP302 vector carrying the ADH1 promoter to generate pYPC1-URA3. To make the tetAUR1 strain FBY5318, AUR1 was placed under control of the tetO2 promoter by replacing 110 bp preceding the ATG initiator codon by the tetracycline operator cassette containing a repressor-binding site, a tetR-VP16 tTA transactivator, and the kanMX4 marker, amplified from plasmid pCM224 (19) . Subsequently, the kanMX4 cassette was replaced by the natMX cassette using a fragment from the marker swap plasmid pAG25 (20) .
SGA. Synthetic genetic array (SGA) analysis was performed as follows. Briefly, the FBY5313 WT, tetAUR1, tetAUR1.YPC1, or tetAUR1.URA3 strain was robotically crossed against an array of 5,044 individual knockouts of nonessential genes, with each cross being done in quadruplicate. After sporulation, colonies were pinned onto medium without histidine, arginine, lysine, and uracil and supplemented with canavanine and thialysine and were left for 2 days at 30°C to select for MATa haploid meiotic progeny (selection 1). When crossing tetAUR1 strains, plates were then replicated on the same medium additionally containing Geneticin (G418) and nourseothricin (clonNAT) (selection 2). After 1 day at 30°C, colonies were replicated onto the same medium (selection 3), the same medium plus 0.03 g/ml of AbA, or the same medium plus 0.1 g/ml of doxycycline (Doxy). Pictures were taken after 36 h of growth. The measurement of growth and the analysis and visualization of the data were conducted with the help of the "ScreenMill" software (21), giving positive Z scores for growth defects and negative ones for growth enhancement. Plating of serially 10-fold-diluted cells on nutrient agar was used in the preliminary screens to see whether the synthetic genetic interactions identified by SGA analysis could be reproduced in a simple growth assay.
Fluorescence microscopy. Cells were imaged using an Olympus BX54 microscope equipped with a piezo-positioner (Olympus). Z sections (0.5 m thick, 7 to 10/cell) were projected to two-dimensional images and analyzed with the CellM software (Olympus).
Analysis of lipids by MS. Lipids were extracted and analyzed in negative-and positive-ion modes by direct infusion mass spectrometry (MS) using an LTQ Orbitrap XL mass spectrometer equipped with the automated nanoflow ion source Triversa NanoMate (Advion Biosciences) as described previously (22, 23) . Data were expressed either as intensity profiling (lipid analyte intensity normalized to the sum of intensities of all monitored lipid analytes) or as mole percent (based on internal lipid standards) (22, 23) .
Detection of IPC/MIPC by metabolic labeling with [ 3 H]inositol. Cells were grown at 30°C overnight in inositol-free SC medium buffered to pH 5 with 50 mM sodium phosphate and 50 mM sodium succinate and were resuspended in the same medium at an optical density at 600 nm (OD 600 ) of 10 for labeling. To aliquots of 2.5 OD 600 units of cells we added AbA (from a 200-fold-concentrated stock in ethanol); after 10 min, [ 3 H]inositol (10 Ci) was added. Every 40 min the labeling media were replenished by adding 1 volume of 5-fold-concentrated SC medium (buffered as described above) to 4 volumes of culture. Labeling was terminated after 2 h, and lipids were extracted as recently described (24) and desalted using butanol-water partitioning or Folch partitioning; the latter does not completely retain M(IP) 2 C in the organic phase. Lipids were deacylated using NaOH as described previously (25) . The final lipid extracts contained 20 to 40% of added radioactivity, depending on the experiment. Lipids were separated by thin-layer chromatography (TLC) using CHCl 3 -methanol-0.25% KCl (55:45:10) as a solvent and were quantified by two-dimensional Berthold radioscanning. After mild base treatment, only the various forms of IPC, MIPC, and M(IP) 2 C were left. Detection of ceramides and IPC/MIPC by metabolic labeling with [ 14 C]serine. Aliquots of 5 OD 600 units of cells were preincubated for 10 min with AbA as required and labeled in 1 ml of serine-free SC medium with 10 Ci of [ 14 C]serine for 5 h at 30°C with shaking and addition of 5-fold-concentrated serine-free SC medium every 40 min. At the end, the optical density of cultures was determined, and trichloroacetic acid (TCA) was added to a final concentration of 5% (wt/vol). Cells were washed in water, and lipids were extracted, deacylated or not by NaOH, desalted by Folch partitioning, and analyzed by TLC in the solvent chloroform-methanol-4.2 N ammonia (9:7:2) followed by radioscanning.
Quinacrine staining. Quinacrine staining was performed as detailed in the supplemental material.
FIG 1
Major pathways of sphingolipid biosynthesis in yeast. Gene names are in italic, essential genes are in green, activities dependent on protein complexes are in gray, and enzyme inhibitors are in bold italic. A detailed description of the biosynthetic reactions can be found in recent reviews (58, 67) . Deletions of red and blue genes are predicted or known to reduce ceramide levels; those that scored as suppressors of the growth defect of strains with repressed AUR1 transcription are in red, and those which did not score, although present in the deletion library, are in blue. Deletions in the 5 underlined genes also were identified as suppressors in preliminary screens and were confirmed in serial dilution plating assays (Table 2 ). Long-chain bases (LCBs) of ceramides are dihydrosphingosine (DHS) or phytosphingosine (PHS); fatty acids of ceramides are indicated by the number of C atoms (e.g., C 26 ) and their hydroxyl (OH) groups.
RESULTS
Overexpression of YPC1 induces futile ceramide hydrolysis and reduces levels of newly synthesized ceramides. As the double deletion ypc1⌬ ydc1⌬ strain has normal ceramide levels even in the presence of AbA (24), we investigated whether there was increased ceramide turnover in cells overexpressing YPC1. In view of later experiments, we tested this also in strains in which the natural promoter of AUR1 was replaced by the doxycycline-repressible tet off promoter (tetAUR1 strains) and which constitutively overexpress either YPC1 (tetAUR1.YPC1) or cytosolic green fluorescent protein (GFP) as a negative control (tetAUR1.URA3). As shown in Fig. 2A , YPC1-overexpressing cells had significantly higher levels of free LCBs than several WT, scs7⌬, or ypc1⌬ ydc1⌬ (yy⌬⌬) cells, and LCB levels could further be increased by AbA treatment, although such treatment did not increase LCB levels in normal cells. As seen in Fig. 2B , free VLCFAs were very low in cells not overexpressing YPC1, and AbA treatment of such cells led to the appearance mainly of nonhydroxylated C 26:0;0 . YPC1-overexpressing cells generally had higher levels of VLCFAs and, remarkably, had significant amounts of monohydroxylated VLCFAs (C 24:0;1 and C 26:0;1 ). The small amounts of C 26:0;1 seen in AbAtreated WT cells (asterisk in Fig. 2B) were not detectable in AbAtreated scs7⌬ cells lacking the ␣-hydroxylase for fatty acids (not shown). Lipid profiles generated by MS showed that hydroxylated VLCFAs were not detectable in triacylglycerols (TAGs) or glycerophospholipids of tetAUR1.YPC1 (not shown), suggesting that C 26:0 -OH-coenzyme A (CoA) either is not made or is not utilized for glycerolipid biosynthesis. Ceramides and IPCs with hydroxylated VLCFAs were reported to be reduced in sur2⌬ cells not making phytosphingosine (PHS) (Fig. 1) , and this led to the proposal that the VLCFA hydroxylase Scs7 utilizes as substrates only fatty acids that are part of ceramides or IPCs but neither acyl-CoA nor free fatty acids (26) . The fact that free hydroxylated VLCFAs become detectable only upon overexpression of YPC1 strongly supports this view. This fact also suggests that in at least some compartment of WT cells, probably the ER, the concentrations of ceramide, LCBs, and fatty acids favor ceramide hydrolysis, i.e., that the ⌬G= for ceramide hydrolysis is negative but that hydrolysis does not occur because ceramidases are rate limiting for this process unless they are overexpressed.
AbA treatment caused a normal increase in concentrations of nonhydroxylated VLCFAs (C 26:0;0 ) in various ypc1⌬ ydc1⌬ cells (see Fig. S1 in the supplemental material). These free VLCFAs therefore are not generated by ceramide hydrolysis, suggesting that AbA increases local ceramide levels to the point that the acylCoA-dependent ceramide synthase slows down so that C 26:0;0 -CoA accumulates and either can be hydrolyzed directly or is used for the synthesis of TAGs from where C 26:0;0 can be released by TAG-lipases (27) . Metabolic labeling with [
14 C]serine demonstrated that overexpression of YPC1 indeed can decrease the levels of newly made ceramides, and this was observed even in WT cells in the absence of AbA treatment (see Fig. S2B ), although in such cells little C 26:0;1 is detectable by MS (Fig. 2B) . Different types of ceramides were affected differently by YPC1 overexpression, with dihydrosphingosine-C 26 (DHS-C 26 ) apparently not being affected (see Fig. S2B ).
Effects of YPC1 overexpression in cells having a reduced Aur1 activity. The data above suggested that YPC1, by hydrolyzing ceramides, would potentially alter the ceramide levels or ceramide-to-IPC ratio at least at certain subcellular locations, and we therefore compared the growth of serially diluted tetAUR1.YPC1 and tetAUR1.URA3 cells on agar in the presence of AbA or doxycycline (Doxy). As seen in Fig. 3A and B, concentrations of 0.01 g/ml of AbA or 0.3 g/ml of Doxy moderately reduced growth of cells on glucose by factors of 10 to 100, i.e., 10-to 100-fold more cells had to be plated on AbA or Doxy to see growth similar to that seen in the absence of drugs. As seen in Fig. 3A , overexpression of YPC1 from the ADH1 or GAL1 promoter enhanced the toxicity of AbA; this effect was observed in most but not all of experiments. In contrast, when AUR1 was downregulated transcriptionally using Doxy, we consistently observed that the overexpression of YPC1 rescued the growth defect (Fig. 3B) . This was the case both when YPC1 was overexpressed constitutively and when it was induced by galactose. It seems safe to assume that downregulation of IPC synthase activity in the presence of Doxy sets in more slowly than when cells are simply plated on AbA, and we therefore hypothesized that this kinetic difference may cause different stress situations, which are differently affected by YPC1 overexpression. Indeed, treatment of cells with 10 g/ml of Doxy required 8 h to reduce incorporation of [ 3 H]inositol into IPCs by Ͼ90% (not shown), whereas many previous experiments in our lab show that the effect of AbA on Aur1 is rather instantaneous (28) . Also, treatment for 3 h with AbA (0.25 g/ml) induced strong phosphorylation of the terminal mitogen-activated protein kinase (MAPK) Slt2 of the wall integrity (CWI) pathway and TORC2-dependent phosphorylation of Ypk1 at Thr662 (29, 30) , whereas Doxy treatment (10 g/ml) for 3 h did not increase or only slightly increased phosphorylation of these kinases ( Overexpression of membrane proteins is known to induce an unfolded-protein response (UPR), and the UPR has been shown to increase the synthesis of sphingolipids in yeast (32) . To see if overexpression of YPC1 causes the observed effects by inducing or enhancing a UPR, we also overexpressed enzymatically "dead" versions of YPC1 that do not display any Ypc1 activity in vivo or in vitro. As shown in Fig. 4A , overexpression of catalytically dead versions of YPC1 had no effect on the sensitivity of cells to AbA or Doxy, although they were expressed almost as strongly as WT Ypc1 (Fig. 4B ).
In view of the different kinetics of AbA-and Doxy-mediated repression of Aur1, we tested if prolonged treatment with Doxy is able to kill cells, as is well described for AbA. Indeed, Doxy treatment for 7 h killed a substantial fraction of WT as well as hypersensitive mutant cells (see Fig. S4 in the supplemental material).
Overexpression of YPC1 modulates AbA and Doxy sensitivity of the tetAUR1 strain by decreasing IPC and ceramide levels, respectively. We surmised that overexpression of YPC1 rescues the Doxy-induced growth defect either by reducing toxic ceramide levels or by increasing LCB levels but not by further decreasing IPCs. To investigate this positive effect further, we decided to explore alternative ways to reduce ceramides. For this we utilized australifungin, a specific inhibitor of ceramide synthase (33) (Fig. 1) . Australifungin, similar to YPC1 overexpression, reduces IPCs and ceramides and increases LCBs. In parallel, we also used myriocin, a specific inhibitor of Lcb1/Lcb2 (34) (Fig. 1 ), which reduces both ceramides and LCBs. As shown in Fig. 4C , the compromised growth of tetAUR1 cells on Doxy was improved when australifungin or myriocin was present at concentrations which did not have any effect on cell growth on their own. Thus, the data suggest that the growth-promoting effect of YPC1 overexpression on Doxy-treated tetAUR1 cells comes about through reduction of toxic ceramides, not elevation of LCBs.
As to AbA-treated cells, we surmised that the usually observed YPC1-mediated growth reduction could be caused either by reduction of complex sphingolipids or by a rise of LCBs to toxic levels, whereas it seemed a priori excluded that YPC1 would compromise growth on AbA by reducing the elevated ceramide levels. As australifungin and myriocin increased the toxicity of AbA (Fig.  4C) , we conclude that AbA is toxic through reduction of complex sphingolipids. This interpretation is in agreement with a recent study of the effect of the conditional lcb1-100 mutation on AbA sensitivity which concluded that the reduction of complex sphingolipid levels but not the increase of ceramide levels is critical for AbA-induced cell death (14) .
Thus, we propose that the immediate stress for cells upon acute Aur1 inhibition on AbA may be the lack of IPCs, whereas the growth-limiting factor during a more protracted Aur1 repression under Doxy may be the toxicity of ceramides.
The above-mentioned study and a second one recently reported that AbA (0.05 g/ml for 4 h or 0.5 g/ml for 1 h) as well as myriocin induces strong increases of ROS in WT cells (14, 35) and that the membrane-permeating antioxidant N-acetylcysteine (NAC) could rescue growth of cells on 0.4 g/ml of myriocin. In our hands, NAC did not improve the growth of tetAUR1 cells on AbA (Fig. 4D ) or on Doxy (not shown), although it efficiently antagonized the toxic effect of the ROS-generating oxidant paraquat (Fig. 4E) . NAC also did not decrease toxicity of AbA in vacuolar acidification (vma) mutants, which are known to be hypersensitive to reactive oxygen radicals (36) and were found to be AbA hypersensitive (see below) (Fig. 4D) . Thus, the ROS generated by AbA treatment may not be relevant for its proapoptotic action.
Genetic interaction profile of cells with depressed AUR1 activity as revealed by SGA analysis. Previous low-throughput studies found sac1⌬, scs7⌬, lcb1-100, stt4 ts , aur1 Two centromeric vectors having YPC1 either behind the strong constitutive promoter of ADH1 or behind the galactose-inducible GAL1 promoter were utilized. Growth media were supplemented with AbA or Doxy as indicated. In this experiment, cells plated on glucose or galactose had been precultured on that same carbon source before plating, but the same result was also obtained when all cells had been precultured on glucose (not shown). (C) The indicated strains were grown in SC medium to exponential phase (OD 600 ϭ 0.5 to 0.7) and further treated for 3 h with either Calcofluor white (CFW) (5.0 g/ml), AbA (3.0 g/ml), or Doxy (10.0 g/ml). Proteins were extracted and resolved by SDS-PAGE. Phosphorylated Slt2 (pSlt2) and Ypk1 (pYpk1, phosphorylated on Thr662) were detected as described previously (30) . Sec63 was used as a loading control. For the quantifications of pSlt2 shown on the tops of lanes, data were normalized with regard to the amount of Sec63 and expressed as a fraction of results for nontreated cells (1.00).
gpi3-10, arv1⌬, gaa1-1, lem3⌬, and sch9⌬ cells to be hypersensitive to AbA or genetic repression of AUR1 but lac1⌬ lag1⌬, lip1, elo3⌬ (sur4⌬), sur2⌬, yca1⌬, and pdr5⌬ yor1⌬ cells to be hyperresistant (14, 29, (37) (38) (39) (40) (41) (42) (43) . To get a more comprehensive picture, we performed a genetic screen in which a large collection of mutants, each having a nonessential gene replaced by the kanMX resistance marker, were crossed with tetAUR1.YPC1 and tetAUR1.URA3 query strains. After sporulation, haploids that were uracil prototrophs and bore the Doxy-repressible AUR1 and a kanMX4 allele were selected and placed in the last selection round on either 0.03 g/ml AbA, 0.1 g/ml Doxy, or control medium, so that we finally observed growth of each nonlethal deletion under 6 different conditions (Fig. 5A ).
Five binary comparisons were made, as shown by arrows in Fig.  5A . The growth defect of a given mutant under drug treatment compared to its growth without drug was compared with the average difference of all mutants in a given binary comparison, and only differences with P values of Ͻ0.05 (|Z score| Ͼ 1.95) were considered to be significant. (The full set of interactions is given in Table S3A in the supplemental material, and deletions giving very strong interactions in most comparisons shown in Fig. 5A are listed in Table S3B in the supplemental material.) Strains highly sensitive to Aur1 repression (positive Z score) in binary comparisons 1 to 4 overlapped only partially (Fig. 5B ). This most likely is due not only to the different modes of Aur1 repression and different Ypc1 levels but also to the significant number of false-positive hits generated by the SGA (44, 45) . However, if any biological process becomes essential under a particular stress condition tested, one expects an increased frequency of hits among genes involved in that process, i.e., annotated by the corresponding gene ontology (GO) terms describing "biological process" in the Saccharomyces Genome Database (SGD) (http://www.yeastgenome .org/). We find that that negative interactors in each one of the 4 screens shown in Fig. 5B were strongly enriched for genes attributed to GO terms concerning vesicle-mediated transport between the Golgi apparatus, endosomes, and vacuole (Table 1; see Table  S4 in the supplemental material). Depending on the localization or their products, genes are also annotated by GO terms describing the "cellular component," and the GO term enrichments in negative interactors (GENIs) concerning the "cellular component" in our screens similarly are concentrated on the Golgi apparatus and endosomes (Table 1; see Table S4 in the supplemental material). Among the 371 deletions giving significant negative interactions in comparisons 1 to 4 (Fig. 5A) , 42 belong to the GO term "vacuolar transport." Of those, 22 had previously been found to be vacuolar protein sorting (vps) mutants (see Fig. S5A in the supplemental material). vps mutants also stood out qualitatively, as they were overrepresented among the deletions giving the strongest negative interactions on AbA and Doxy (see Table S3B in the supplemental material). The GO terms of Table 1 were of course also strongly enriched in mutants found in more than one screen (fields a to k in Fig. 5B ) (see Tables S3B and S5 in the supplemental material), but they were completely absent in mutants found in only a single screen (fields l, m, n, and o in Fig. 5B ). Indeed, practically no GO terms were enriched in negative interactors found only in a single screen (see Table S5 in the supplemental material), indicating that many of them may be false-positive hits. In the following, negative interactions found in two or more screens, i.e., comprised in fields a to k of Fig. 5B , are therefore referred to as the "high-confidence set." Figure 5B also clearly shows that the genes identified in the tetAUR1.URA3 background only partially overlap those found in the tetAUR1.YPC1 background, but scores obtained with the two strain backgrounds showed considerable positive correlation ( Fig.  5E and F) .
Mere overexpression of YPC1 in the absence of drugs (arrow 5 in Fig. 5A ) resulted in 81 and 88 significant interactions with positive and negative Z scores, respectively, but these sets showed almost no GO term enrichments (see Table S4 in the supplemental material). Among the 371 deletions giving significant interactions in comparisons 1 to 4 (Fig. 5A) , there also are 63 genes annotated with GO terms containing the term "mitochondrial." However, they did not score as an enriched GO term, given the high number of such genes in the genome. As shown in Fig. 5H , most of these genes were identified because they gave significant positive or negative interactions on Doxy, not on AbA, suggesting that Aur1 repression by Doxy results in a kind of stress that is more easily modulated by altered mitochondrial functions than the stress caused by AbA.
Screens using AbA identify vacuolar acidification mutants. Interestingly, mutants of set g (Fig. 5B) , i.e., mutants found to give negative interactions only in the two screens done with AbA and not in those done with Doxy, did not show the GENIs mentioned above (Table 1) , but on the other hand, they were very strongly enriched in several GO terms describing vacuolar acidification (Table 1; see Tables S4 and S5 in the supplemental material). Indeed, of the 18 genes required to constitute the vacuolar H ϩ -ATPase (14 genes for ATPase subunits and 4 genes required for their assembly), 15 were found in our screen as interacting negatively with AbA ( Fig. 5D ; see Fig. S6A in the supplemental material). As shown in Fig. S6B in the supplemental material, vacuolar acidification (vma) mutants were found to be AbA hypersensitive on serial dilution plates not only at high pH, at which vma mutants are notoriously unable to grow (46) , but also when placed in acidic medium (pH 4.2), in which part of their vacuolar acidification problem may be compensated by endocytosis (47) . This suggests that the real problem of cells under AbA stress may be their inability to maintain an alkaline pH in the cytosol. Indeed, in vma2⌬ cells grown at pH 5, the cytosolic pH was found to be 0.4 pH unit lower than in the WT (48) . Also, it was recently shown that vma mutants endocytose Pma1, thereby reducing their ability to alkalinize the cytosol (49) .
Hypersensitivity of vma mutants to AbA is not explained by inositol auxotrophy. Based on the literature, we wondered whether vma mutants were exhibiting AbA hypersensitivity because of excessive inositol auxotrophy. For one, previous studies by Susan Henry's group demonstrated that SEY6210 WT cells in the presence of 0.05 g/ml AbA or aur1 ts cells are inositol auxotroph (Ino Ϫ ) (29) . Moreover, we realized that there was a 4-to 6-fold-higher-than-expected overlap between our "high-confidence set" of negative interactions and Ino Ϫ strains identified through two recent high-throughput screens (48, 50) . Strikingly, one of these screens for Ino Ϫ mutants had identified all 18 genes coding for the building blocks or essential chaperones required for the construction of the vacuolar proton ATPase (48). Thus, it seemed important to understand whether the hypersensitivity to AbA of our high-confidence set and, in particular, of the 15 vma mutants came about because of an increased inositol requirement under AbA stress. The following results strongly argued against this. (i) All our screens were done in SC medium containing 430 M inositol, more than the 75 M used by Susan Henry's group (29) . Confirming their results (29), we found that inositol enabled WT cells to grow on AbA and Doxy (see Fig. S7A in the supplemental material) and that 10 M inositol was sufficient for maximal growth of WT on these drugs (see Fig. S7B in the supplemental material). However, inositol did not support growth of vma2⌬ cells on AbA (Fig. S7A). (ii) Of the numerous significantly en- 
a Enrichments of GO terms relating to the "biological process" were obtained at http://yeastmine.yeastgenome.org/ with Holm-Bonferroni correction in place. -, P Ͼ 0.05. b Numbers in parentheses indicate the arrow number in Fig. 5A . c Numbers in parentheses indicate the number of negative interactors.
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December (48, 50) , only vacuolar acidification (GO0007035) is also present in our high confidence set (Fig. 5B , fields a to k) (see Table S6 in the supplemental material), and the Ino Ϫ mutants identified in these studies are not enriched in vacuolar protein sorting (vps) mutants or other terms listed in Table 1 .
AbA causes stronger inhibition of Aur1 in vma cells than in WT cells. Although AbA is a very hydrophobic cyclic peptide lacking nitrogen atoms that could be protonated, i.e., lacking lysosomotropic properties, we wondered if vacuolar H ϩ -ATPase mutants showed reduced growth on AbA because they take up larger amounts of AbA or degrade it less rapidly, so that the Golgi apparatus-based Aur1 is exposed to higher concentrations of AbA leading to stronger Aur1 repression. We therefore labeled vma and WT cells with [ 3 H]inositol in graded concentrations of AbA in order to test the efficacy of AbA to repress their sphingolipid biosynthesis (Fig. 6) . To avoid second-site suppressors, we verified that the vma mutants to be analyzed were unable to grow at high pH in the presence of calcium (Fig. 6A) (46) . When cells were labeled with [ 3 H]inositol, it appeared that AbA inhibited IPC and MIPC biosynthesis more strongly in vma and vps6⌬ mutants than in the WT, whereas the vps52⌬ mutant behaved like the WT (Fig.  6B) . Interestingly, the vps6⌬ mutant belongs to the small subset of vps mutants that exhibit a vacuolar acidification defect (51) . Labeling with [ 3 H]inositol requires preculture of cells in inositolfree medium, and this could compromise the viability of vma mutants since they are inositol auxotrophic (48) . Yet, in the experiment of Fig. 6B , the total incorporation of [ 3 H]inositol into lipids in vma mutants was quite normal and was not influenced by the presence of AbA (see Fig. S8A in the supplemental material). To formally exclude any negative effect of inositol deprivation, we chose to also label the cells with [
14 C]serine, this time in the presence of high concentrations of inositol (430 M). For this, a 5-h labeling period was used. Here, the presence of AbA reduced total incorporation of [ 14 C]serine into lipids in a concentration-dependent manner (see Fig. S8B in the supplemental material), and incorporation correlated with the number of cell divisions occurring during labeling (see Fig. S8C in the supplemental material). As shown in Fig. 6C, [ 14 C]serine labeling revealed (i) that 0.25 g/ml of AbA strongly reduced the IPC/MIPC synthesis in the vma2⌬ mutant but not in the WT and (ii) that, as judged from lanes treated or not with NaOH, AbA caused a stronger accumulation of ceramides in the vma2⌬ mutant than in the WT. These same observations were made in all vma mutants subjected to [
14 C]serine labeling (Fig. 6D) judged by [ 14 C]serine labeling ( Fig. 6B versus D) .
(ii) Here as well as in many previous experiments, we observed a quantitative increase of ceramides and the appearance of a new band with slightly lower TLC mobility after mild base treatment which could be a ceramide or a free fatty acid (Fig. 6C) . It is possible that a significant fraction of ceramides is esterified with the carboxyl group of some polar substance(s), e.g., an amino acid(s), but we have not been able to fully characterize the material comigrating with ceramides after mild base treatment.
Treatment of cells with aureobasidin A increases vacuolar quinacrine accumulation. It seemed possible that the heightened AbA sensitivity of IPC biosynthesis in vma mutants derives from the fact that in AbA-treated cells the vacuolar acidification has to compensate for cytosolic acidification or the imbalance of some electrolytes. Quinacrine, a fluorescent compound that accumulates in acidic compartments, was used to estimate the vacuolar acidification under AbA (51, 52) . For this, cells were preincubated with AbA for 1 h, stained for 8 min at pH 7.6 with quinacrine, washed, and viewed under the microscope. As shown in Fig. 7 and more extensively in Fig. S9 in the supplemental material, treatment of WT cells with AbA (0.25 g/ml) for 1 h led to a distinct increase of vacuolar quinacrine accumulation, whereas treatment with Doxy (10 g/ml) for 7 h did not (not shown). As expected, no quinacrine accumulation was seen in vma2⌬ cells with or without AbA treatment ( Fig. 7; see Fig. S9 in the supplemental material) . The precise reason for the increased vacuolar acidification upon AbA treatment is presently unknown.
Deletions decreasing ceramide levels enhance growth on doxycycline. For growth-enhancing interactions (negative Z scores), most of them were found with tetAUR1.YPC1 as a query and by selecting on Doxy (Fig. 5D versus C, lower left quadrants; see Fig. S10 in the supplemental material) . The deletions that enhanced growth of tetAUR1.YPC1 on Doxy were enriched for rather generic GO terms such as "regulation of RNA biosynthetic processes," but, interestingly, the term "sphingolipid biosynthetic processes" (GO 0030148) also was enriched (P ϭ 0.009), with 7 of the 14 genes in this GO term giving significant negative Z scores in our screen (see Table S4 in the supplemental material). Interestingly, gene deletions in all of the 7 hits (TSC3, LCB3, ELO2, ELO3, SUR2, LAC1, or ISC1) (red in Fig. 1 ) ought to reduce ceramide levels. This fits the notion elaborated based on Fig. 4C that YPC1 overexpression sustains growth of tetAUR1 cells on Doxy by reducing ceramide levels. These data also confirm the reported hyperresistance of elo3⌬ and sur2⌬ strains under AUR1-repressing conditions mentioned above. Moreover, 5 mutants reducing ceramide levels had already been found in preliminary screens, and all of them showed improved growth in serial dilution growth assays (red underlined in Fig. 1 ; see Fig. S11 and S12 in the supplemental material).
Twenty-three deletions also enhanced growth of tetAUR1.YPC1 on AbA, and 18 among those also enhanced growth on Doxy (see Fig. S10, fields a, b, d , and j, in the supplemental material), but these 23 were not enriched for any GO term.
Comparison with published high-throughput screens. While these studies were in progress, a number of genetic interactions with AUR1 damp clones gathered from high-throughput studies were reported in BIOGRID (53, 54) (see Table S7 in the supplemental material). The 287 negative interactions in this set are strongly enriched in the very same GO terms as our 134 highconfidence set (fields a to k in Fig. 5B ), but only 23 genes were found to be common between BIOGRID and our high-confidence set (Fig. 5G) . However, all 3 subsets in Fig. 5G showed GENIs in vacuolar and endosomal transport, indicating that neither our screen nor the BIOGRID screen was exhaustive (see Table S7 in the supplemental material).
Twenty-eight strains were common between our high-confidence set and the hits identified in the diploid homozygous knockout collection through cocultivation of all nonessential deletion strains in liquid cultures containing 0.02 g/ml AbA (55) (see Table S8 in the supplemental material). This represents a 4-foldhigher overlap than expected by chance. The 296 most sensitive strains from reference 55 were enriched for "vacuolar acidification" and similar GO terms (0.005 Ͻ P Ͻ 0.05) but for no other terms in Table 1 (see Table S8 in the supplemental material). It appears that vacuolar acidification also is required when cells are stressed in liquid culture. No significant overlap of AbA-hyperresistant hits in our study or the aur1-damp interactions in BIOGRID with hyperresistant homozygous deletions from reference 55 was found.
AbA-treated cells have a morphologically normal Golgi apparatus but enlarged lipid droplets. Based on the high sensitivity to Aur1 repression in mutants with affected vesicular traffic between the Golgi apparatus and the vacuole, we tried to see whether AbA or Doxy would cause morphological changes of the Golgi apparatus in tetAUR1 cells expressing the Golgi protein Sec7-GFP or Sed5-GFP. However, no convincing changes were observed (not shown). We also monitored the distribution of GFP-labeled plasma membrane proteins such as Can1, Fur4, and Gas1 under AbA (0.05 or 0.25 g/ml, 30°C, 1 to 7 h). In this case we also failed to see accumulation of GFP in the ER or Golgi apparatus and only occasionally found cells with increased vacuolar staining (data not shown). Thus, at this level of sensitivity, it did not seem that AbA caused a secretion block or destabilization of plasma membrane proteins. We noted only that the volume of lipid droplets increased upon AbA treatment, as judged from staining with the hydrophobic BODIPY fluorescent dye (see Fig. S13A in the supplemental material), suggesting that AbA may cause alterations of the lipid metabolism beyond the sphingolipid metabolic pathways.
In support of this, mass spectrometric lipid profiling of cells treated for 4 h with AbA indeed revealed major increases in TAGs and sterol esters (SEs) along with strong reductions of phosphati- dylserine (PS) and phosphatidylethanolamine (PE) and a small reduction in PI (Fig. 8A ), in keeping with an increased volume of lipid droplets in such cells. It also appeared that AbA treatment increased the desaturation of fatty acids in TAGs (not shown). In a pathological process leading to cell death, it is obviously not easy to distinguish between events that cause cell death and events that are just consequences of imminent cell death. However, the same increase in neutral lipids and strong decrease in PS is also found in lag1⌬ lac1⌬ ypc1⌬ ydc1⌬ SLC1-1 cells which are not undergoing cell death but suffer from a constitutive lack of complex sphingolipids, as appears under Aur1 repression (S.K. Mallela et al., unpublished data).
To see if the accumulation of sterol esters and TAGs helped cells overcome the AbA-induced stress, we tested pah1⌬ lpp1⌬ dpp1⌬ mutants retaining only 35% of the activity transforming phosphatidic acid into diacylglycerol, the obligatory precursor for TAG biosynthesis (56) . As shown in Fig. 8B , this triple mutant showed AbA hypersensitivity. Similarly, nem1⌬ cells, lacking the phosphatase required to activate Pah1, were found to be Doxy hypersensitive in our screen. When viewed after BODIPY staining, pah1⌬ lpp1⌬ dpp1⌬ mutants had fewer lipid droplets than the WT and made 3.5-fold less TAG than the corresponding WT, as described before (56, 57) (see Fig. S13B and C in the supplemental material). However, when treated with AbA they nevertheless accumulated dotty hydrophobic material (see Fig. S13B ) and still increased their TAG levels (see Fig. S13C ), probably using the remaining phosphatidate (PA) phosphatase App1. They also reduced PS and PE, like the WT (see Fig. S13C) .
Surprisingly, blocking SE and TAG synthesis by simultaneously deleting/repressing ARE1, ARE2, LRO1, and DGA1 made cells rather AbA resistant (Fig. 8C) . It is possible that AbA-treated cells are hypersensitive to PA, which accumulates in pah1⌬ cells but not in are1⌬ are2⌬ lro1⌬ dga1⌬ cells. PA is a central regulator which sequesters the Opi1 transcriptional repressor and thereby derepresses lipid biosynthesis (48) .
DISCUSSION
Our data establish hydroxylated VLCFAs (C 24:0;1 and C 26:0;1 ) as an indicator of futile cycling caused by simultaneous presence of alkaline ceramidases and acyl-CoA-dependent ceramide synthases, but we cannot presently assert that they are a quantitative indicator, since we have not excluded that these hydroxylated fatty acids would again be utilized by Ypc1 or Ydc1 for reverse ceramide synthesis, which may occur concomitantly with ceramide hydrolysis. We also have not excluded that they would be activated and used by acyl-CoA-dependent ceramide synthases or be degraded by peroxisomal ␤-oxidation. Nevertheless, free C 24:0;1 and C 26:0;1 fatty acids seem to be much better indicators for such futile cycling than LCBs, which can be elevated not only through increased breakdown of ceramides ( Fig. 2A) but also by increases in the highly regulated de novo biosynthesis of LCBs or by downregulation of the well-known LCB degradation pathway through Lcb4/ Lcb5 and Dpl1 (58) .
As mentioned, a recent report showed that the reduction of complex sphingolipids caused by AbA results in ER retention of GPI-anchored proteins, ER stress, an unfolded-protein response, ROS production, mitochondrial cytochrome c release, and a metacaspase-mediated form of apoptosis that additionally is dependent on the concomitant increase of cytosolic Ca 2ϩ concentrations (14) . Our report confirms and adds new features to these observations. As said above, we do not find evidence that ROS would play a major role in AbA-induced apoptosis (Fig. 4D) . Our data, however, confirm that it is the reduction of IPCs rather than accumulation of toxic ceramides that reduces cell viability under AbA stress, but they also suggest that during the slow depletion of Aur1 function under Doxy, it is rather the accumulation of ceramides which produces the major proapoptotic signal. We also found that the deletion of the unfolded-protein response gene IRE1 or HAC1 aggravates AbA and Doxy toxicity ( Fig. 5D ; see Table S3 in the supplemental material), in keeping with the fact that AbA induces an ER stress and arguing that the ensuing UPR improves cell growth/survival. One mechanism would be that the UPR relieves the reported accumulation of GPI proteins (14) . On the other hand, it is unlikely that a UPR-induced increase in LCB biosynthesis, as observed in the conditional lcb1-100 mutant (32), would help cells to overcome the AbA stress, since (i) such an increase is not seen in WT cells, (ii) a reduction rather than an increase of LCB and ceramide synthesis reduced AbA toxicity (Fig.  4C) , and (iii) deletion of ORM1 or ORM2, repressors of LCB1/ LCB2, did not help cells under Aur1 repression (see Table S3A in the supplemental material). Our data further confirm that pmr1⌬ (Table 2; see Table S3 and Fig. S11C and E in the supplemental material), as reported before (14) . Pmr1 acts to reduce cytosolic calcium and prevents calcineurin activation (59) , and this probably explains why it helps to avoid the calcium-dependent apoptosis induced by AbA (14) .
We made the new observation that the protein transport to vacuole, late endosome-to-vacuole transport, retrograde endosome-to-Golgi transport, Golgi vesicle transport, and similar processes become critical when Aur1 activity is reduced (Table 1) . This was found in each one of the screens 1 to 4 (Fig. 5A) , whether Aur1 was repressed pharmacologically or transcriptionally and whether or not YPC1 was overexpressed (see Table S4 in the supplemental material), and this is confirmed by BIOGRID data. Quite in the same line, elo3⌬ (sur4⌬) cells, having reduced levels of sphingolipids, were found to be synthetically sick with vps21⌬ and vps3⌬ cells (60) , and our data seem to generalize this finding.
We have no clue to why such vacuolar transport becomes essential when Aur1 is repressed, but it cannot possibly be the aggravation of a defect in endocytosis or Golgi-to-vacuole transport, since both of these processes are nonessential; intraGolgi transport, however, is part of the essential secretion process.
Lack of IPCs leads to lack of MIPC and M(IP) 2 C and thereby may affect numerous sphingolipid-dependent processes. We used negative genetic interactions reported in BIOGRID to try to identify such downstream elements, failure of which could render the biological processes indicated by Table 1 more essential. Interestingly, deletion of CSG2 abolishes MIPC biosynthesis without increasing ceramide levels (61), and csg2⌬ shows negative interactions with genes involved in the same processes as repressing Aur1, although only 23 mutants were common between negative csg2⌬ interactors and our high-confidence set (subsets a to k in Fig. 5B ) ( Table 1; see Table S9A in the supplemental material); still, this represents 3 times more than expected by chance. Thus, the comparison of GENIs of Aur1-repressed and csg2⌬ cells suggests that the essentiality of Golgi-vacuole transport in Aur1-repressed cells may partially be mediated through the lack of MIPC. GO terms connected to Golgi-vacuole traffic are also seen with Doxy-treated cells, indicating that Doxy-treated cells also suffer from a lack of MIPC, although they are greatly relieved by reduction of ceramide levels (Fig. 4C) . Deletion of the M(IP) 2 C synthase gene IPT1 (Fig. 1) did not cause negative interactions enriched in any of the GO terms in Table 1 (see Table S9A in the supplemental material). Lack of MIPC in turn has been shown (i) to cause Slm1/2-and TORC2-dependent activation of the Ypk1 protein kinase leading to inactivation of Orm proteins and activation of LCB and ceramide biosynthesis (30, 62, 63) , (ii) to inactivate the aminophospholipid flippase at the plasma membrane (18) , and (iii) to activate the calcium-regulated phosphatase calcineurin (61) . Deletion of ORM2 mimics the functional Orm2 inactivation through Ypk1-mediated Orm phosphorylation that occurs upon AbA treatment (64, 65) , and negative interactors of orm2⌬ are enriched in GO terms in Table 1 (see Table S9A and C in the supplemental material). Thus, AbA treatment may render Golgivacuole transport essential by activating Ypk1, but at the same time this activation must have a very positive effect, since ypk1⌬ mutants show a strong negative interaction with AbA ( Fig. 5E ; see Fig. S11C and E in the supplemental material). This positive effect may well be the Orm-mediated activation of LCB synthesis and activation of ceramide synthase that may help to increase IPC production under AbA-mediated Aur1-repression (18, 30, 63, 64) . On the other hand, deletion of LEM3, an essential component of the DNF1/DNF2/DNF3 aminophospholipid flippase, does not generate the negative genetic interactions found after AbA treatment (Table 1; see Table S9A in the supplemental material). Finally, cnb1⌬ cells lacking calcineurin did not genetically interact with Aur1 repression in our screen, nor is such an interaction reported in BIOGRID. Still, genetic but not pharmacological repression of calcineurin was found to enhance resistance to AbA (14) . We did not try to reproduce this, but it is possible that part of the toxicity of AbA is mediated by calcium-mediated calcineurin activation.
As shown in Table 1 and Table S9C in the supplemental material, the GENIs of some mutants with mutations affecting the cell wall integrity (gas1⌬, gup1⌬, and pmr1⌬) are somewhat similar to the ones of Aur1-repressed cells. Indeed, acute repression of Aur1 by AbA activates the MAPK cell wall integrity (CWI) pathway (29, 30) (Fig. 3C ). Yet, GO terms concerning the fungal cell wall biosynthesis and organization are not enriched in our high-confidence set or the aur1 interactors reported in BIOGRID. Also, deletions in 6 nonessential genes of the MAPK pathway were present in our library (ROM1, ROM2, BCK1, MKK1, MKK2, and SLT2), but essentially none of them showed a negative interaction in our screens or with a hypomorphic aur1 allele according to BIOGRID. This also agrees with the finding that sorbitol could not improve viability of cells on AbA (see Fig. S14 in the supplemental material), as had been mentioned in an earlier report (8) . However, vma mutants showed better AbA resistance on sorbitol (see Fig. S14 ). Thus, in WT cells, AbA treatment readily triggers strong activation of the CWI pathway, but this activation seems to be irrelevant in a In preliminary high-throughput SGA screens, the library containing 4,849 strains, each one deleted in a single nonessential gene, had been robotically crossed with either tetAUR1, BY4742 (FBY5313), or BY4742 harboring pYPC1-URA3 (FBY5333) and plated on AbA or Doxy. Some hypersensitive or hyperresistant isolates of interest to us were picked and further tested in the subsequent serial dilution growth assays shown in Fig. S11 and S12 in the supplemental material. Those deletion strains that reproduced the SGA result in the growth test are listed in this table.
b Genes involved in sphingolipid metabolism are in bold, and those which, when deleted, cause at the same time AbA hypersensitivity and Doxy resistance are underlined.
terms of cell survival, whereas in vma mutants the cell wall defect may contribute to the negative effects of AbA. The fact that vma mutants are hypersensitive to AbA may be due to higher concentrations of AbA reaching Aur1 and/or a lack of the physiological stimulation of the vacuolar H ϩ -ATPase in reaction to AbA ( Fig. 7; see Fig. S9 in the supplemental material). Other effects may also contribute to the AbA hypersensitivity of vma mutants, e.g., the accumulation of cytosolic calcium observed in some vma mutants (59, 66) , which can be explained by the fact that the vacuolar pH gradient is necessary to drive Ca 2ϩ import into vacuoles using the vacuolar Ca 2ϩ /H ϩ antiporter Vcx1 (46) . The increase in cytosolic calcium may enhance the toxicity of AbA (14) and itself cause the increased acidification of vacuoles in WT cells upon AbA treatment ( Fig. 7; see Fig. S9 in the supplemental material).
In summary, our report shows that the mode of repression of AUR1 can influence the spectrum of pathogenic events, that vesicular traffic between Golgi apparatus, endosomes, and vacuole becomes critical for cell survival in Aur1-repressed cells, and that vacuolar acidification is an important defense mechanism when Aur1 is acutely repressed by AbA.
